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RÉSUMÉ 
La réduction de micropolluants émis dans les eaux de surface est un objectif important de la politique 
européenne de l'eau. Pour plusieurs micropolluants, le système des eaux usées municipales est le 
vecteur d‘apport dominant. Les émissions des déversoirs d’orage, des égouts pluviaux et des stations 
de traitement des eaux usées allemandes ont été modelées, et les concentrations moyennes en 
résultant ont été estimées. Pour calculer les charges de polluants émis par les différents vecteurs 
d‘apport (sources ponctuelles et non ponctuelles), le modèle MoRE (Modelling of Regionalized 
Emissions) a été utilisé. En se basant sur les résultats de la modélisation, les "points chauds" de 
pollution ont été identifiés pour déterminer où des actions sont nécessaires. En intégrant différentes 
mesures et combinaisons de mesures dans le système MoRE, une évaluation des options proposées 
et des potentiels de réduction a été effectuée. Les résultats ont clairement souligné qu’il est 
nécessaire de combiner prévention et prise de mesures au point de rejet pour atteindre un bon état 
chimique conformément à la Directive-Cadre sur l'Eau. 
 
ABSTRACT 
The reduction of micro pollutant emissions into surface waters is one important target of the European 
water policy. For a number of micro pollutants the municipal wastewater system is the dominant input 
pathway. For those pollutants the emissions via combined sewer overflows, storm water outlets and 
waste water treatment plants were quantified. The model MoRE (Modelling of Regionalized 
Emissions) considering a number of further pathways (point and diffuse sources) was used to create 
an overall picture of the given emissions. The resulting loads were subsequently used to calculate 
average concentrations in the receiving water bodies. Based on these results, hot spots of pollution 
and needs for measures were identified. A set of individual measures and combinations of measures 
were implemented into the MoRE system to assess their reduction potential. The results clearly 
highlight that a combination of preventive and end-of-pipe measures is necessary to achieve and 
maintain a good chemical status in line with the Water Framework Directive. 
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1 INTRODUCTION 
The European Union (EU) has defined environmental quality standards (EQS) for priority and priority 
hazardous substances (PH and PHS) in surface waters (EC, 2013). It is therefore a task of water 
managers and scientists across the EU to determine the concentration levels in surface waters, to 
check to what extent they comply with the quality standards, and to take appropriate measures if the 
quality target is missed. For the proper implementation of those measures, it is necessary to know the 
main sources of emissions. One major pathway for PS and PHS emissions into surface waters are the 
municipal drainage systems, comprising waste water treatment plant (WWTP) effluents, storm water 
outlets (SWO), and combined sewer overflows (CSO). Herein the WWTP effluents are the most 
significant source of emissions for a variety of substances. In the light of this, it became necessary to 
establish annual emission for PS and PHS, as well as to derive and assess measures to reduce or 
avoid substance emissions. 
2 METHODOLOGY 
2.1 Modelling of Regionalized Emissions (MoRE) 
As the Directive 2008/105/EC (EC, 2008) requires an emission inventory for the PS, the model system 
MoRE (Modelling of Regionalized Emission) was developed on behalf of the Federal Environmental 
Agency of Germany. MoRE is based on the model concept MONERIS (Behrendt et al. 1999) and has 
been adapted for the modelling of pollutant emissions (Fuchs et al. 2012). 
The emission modelling is carried out with the Regionalized Pathway Analysis approach (RPA). The 
RPA comprises different pathways of substance emissions into water and distinguishes between point 
sources as pathways and pathways that are strongly influenced by diffuse sources.  
 
Figure 1: General scheme and recommended approaches for pollutant inventories 
according to EC 2012 
Figure 1 shows relevant sources and pathways and the scope of RPA (Pathway Oriented). A detailed 
explanation can be found in EC (2012) In the MoRE system, the following pathways are implemented: 
“municipal wastewater treatment plants” (MWWTP), “industrial direct dischargers”, and “historic 
mining”, “sewer systems”, “surface runoff”, “erosion”, “groundwater”, “drainage”, “direct atmospheric 
deposition onto water surface”, and “inland navigation”. 
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The methodologically complex RPA approach requires a large number of general and substance-
specific input data, but allows a spatially differentiated representation of substance emissions into 
surface waters caused by the respected pathways. The quantification of emissions was carried out for 
analytical units with an average size of 130 km² representing hydrological subunit of the German water 
sheds (Fuchs et al. 2010). 
The MoRE model has been implemented in an open source PostgreSQL/SQLite database comprising 
all input data, modelling approaches, results and a generic calculation engine. A user interface 
dynamically linked to the database allows both to edit input data and modelling approaches and carry 
ot the modelling. All calculations are done on a single year basis. For more details on the software see 
https://isww.iwg.kit.edu/english/MoRE.php . 
At the current level of development MoRE can calculated the annual average emissions for  nitrogen 
and phosphorus, the heavy metals cadmium, chromium, copper, mercury, nickel, lead, and zinc, 
polycyclic aromatic hydrocarbons Σ EPA
1
 PAH16, diethylhexylphthalate, nonylphenol, terbutryn, 
triclosan, diuron, isoproturon, as well as the pharmaceuticals diclofenac, ibuprofen, iomeprol, and 
sulfamethoxazol.  
2.2 Modelling approaches und input data 
The basic modelling approach of MoRE is the mass balance approach, were any process which leads 
to a change in the mass flows during transport, is represented by empirical equation. Regional varying 
emissions are the result of different input data on land use, hydrology, geology, and statistical data like 
population density, distribution of combined and separate sewer system, design capacity of combined 
sewage treatment, etc.  
The calculation approaches together with the general and substance-specific input data, including 
their spatial and periodical resolution, are described in detail in Fuchs et al. (2010), Hillenbrand et al. 
(2014), Fuchs et al. (2015) and Hillenbrand et al. (2016). Moreover, these reports reveal the problems 
of existing concentration data for PS and PHS and provide realistic and robust mean concentrations 
for some substances. These mean concentrations can be used for emission estimates at a large 
scale. 
In this paper the substances zinc, PAH16, terbutryn, and diclofenac were considered. Depending on 
the substance, different calculation approaches varying in the complexity and data demands have 
been used. Emissions were modelled for individual years in the period from 2006 to 2011 and 
subsequently summed up to obtain an average for this period. 
These emissions were summed up along the course of the rivers and converted into concentrations at 
important catchment outlets. The resulting concentrations always refer to mean discharge conditions 
without considering any internal retention processes.  
In order to present the quality target exceedances uniformly for the different substances a risk ratio 
(RR) was introduced. RR is the ratio between the calculated environmental concentration and the 
quality target for the respected substance A RR <1 therefore means that the calculated environmental 
concentrations are lower than the target value and thus a small or even no environmental risk is given. 
A RR >1 indicates a clear exceedance of the quality targets and thus the need for further actions.  
2.3 Modelling of reduction measures 
Emission reducing measures can be implemented in MoRE in two different ways. On the one hand, 
reduction measures can be implemented in MoRE by using variants of input data. On the other hand, 
calculation approaches can be adjusted to represent specific measures i.e. improvement of treatment 
efficiency of sedimentation tanks. Both approaches can be used to create scenarios with the help of 
measures.  
3 RESULTS 
3.1 Micro pollutant emissions in Germany 
Figure 2 shows the total emissions from Germany for the heavy metal zinc, PAH16, the biocide 
terbutryn and the pharmaceutical diclofenac, as well as the relative relevance of the different pathways 
                                                     
1
 16 EPA-PAH are considered, i.e. the 16 individual substances selected from several hundred individual PAH compounds by 
the United States Environmental Protection Agency (US EPA) because of their particular relevance 
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of emissions into surface waters in Germany for the period 2006-2011. These pollutants represent 
very different pattern of application and chemical properties. In the period of 2006 to 2011 about 
2,500 t of zinc, 15 t of PAH16, 0.7 t of terbutryn, and 9 t diclofenac were emitted as an annual average 
into German surface waters. Because of their main sources and environmental behaviour, the 
substances show a specific distribution pattern. Zinc is used in large quantities in the urban 
environment, and can be used as an indicator of surface runoff from impervious areas. Consequently 
around 30 % of the total emissions result from storm water discharges and CSO, and another 12 % 
are emitted via the effluent of MWWTP. The PAH16, resulting mainly from incomplete combustion 
processes, are ubiquitous distributed and strictly associated with particulate matter. As the very fine 
particles are not removed efficiently by the standard storm water treatment, the emissions from sewer 
systems are the most important pathway for PAH16, and responsible for 48 % of the total emissions. 
Terbutryn is a biocide, which is mostly used as algaecide in façade and roof coatings but also in paint 
colours. The primary emission is associated with storm water runoff from the treated surfaces. 
MWWTP are the predominant pathway (69 %). The sewer systems (31 %) have another considerable 
share of the total emissions In contrast to the aforementioned contaminants, diclofenac emissions are 
exclusively caused by the human consumption. The effluent of MWWTP is therefore the most 
important pathway for diclofenac. Only 5 % of the total emissions can be attributes to the sewer 
systems.  
For all listed substances, the emissions from urban areas are of great relevance. They are responsible 
for 40 % up to 100 % of the total emissions. In order to identify the most efficient measures, a more 
detail analysis was carried out. 
 
Figure 2: Relative relevance of the individual pathways for the total substance emissions 
into surface waters in Germany for the period 2006-2011. 
Figure 3 shows in detail the contribution of different pathways within the urban system which are:  
 Emissions via MWWTP, 
 Emissions from impervious urban areas via storm sewers, 
 Emissions from households and impervious urban areas via CSO, 
 Emissions from households and impervious urban areas that are connected to a sewer system 
but not to a WWTP, 
 Emissions from households and impervious urban areas that are not connected to a sewer 
system. 
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Figure 3: Relative relevance of the urban pathways for substance emissions into surface 
waters in Germany for the period 2006-2011. 
The relevance of the individual urban pathways (Figure 3) underlines once more the specific sources 
of the pollutants. While terbutryn and diclofenac are mainly emitted via MWWTP (69 % and 95 % 
respectively), the SWO and CSO are the most important pathways for zinc and PAH16 (70 % and 86 % 
respectively). In addition to this the results shown in Figure 3 illustrate how the emission pattern is 
influence by the substance specific treatment efficiency of MWWTPs. 
Zinc and PAH16 are mainly transported though the urban system attached to the fine particles 
(<63 µm) which are effectively removed at the WWTP. Lambert et al. 2014 reported that the 
elimination rate is usually above 90 % most of all because of an accumulation in the sludge.  
Diclofenac and terbutryn are transported dissolved in the waste water and the elimination is based on 
microbial processes. The elimination rate for diclofenac is estimated at 40 % (Jelić et al. 2012; LUBW, 
2014). The elimination rate for terbutryn depends on different factors and varies between 25 – 70 % 
(Abegglen & Siegrist, 2012).  
3.2 Model validation 
Because of the lack of appropriate input data modelling of micro pollutants is always associated with 
high uncertainties. A plausibility check based on the comparison of calculated emissions and river load 
is therefore an essential part of any study. Discharge and quality data from monitoring stations on 
German rivers were analyzed and finality used to calculate the river loads. It became clear that in 
particular for micro-pollutants considered in this study a very limited data base is available. The 
sampling frequency and the analytical methods are insufficient to create sound input data for the river 
load calculations. However the comparison of emissions and river load provides important information 
about the reliability of the model results. 
Figure 4 shows the correlation between the modeled emissions and the river loads at the outlets of 
analytical with a catchment located in Germany exclusively. The river loads for terbutryn and 
diclofenac (LUBW, 2014) encompass the year 2013. Taking into account that potential retention 
processes are not considered and that very few quality data was available for the calculation of the 
river loads, the results are good. Figure 4 illustrates that a reliable approximation of the real emission 
situation is possible with the model MoRE.   
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Figure 4: Comparision of observed river loads to modelled emissions (NSE: Nash Sutcliff 
efficiency coefficient) 
3.3 Modelling of measures 
The modelling results have shown that the sewer system is the most important pathway for zinc and 
PAH16, whereas the MWWTP is a major pathway for terbutryn and diclofenac. The PAH16 emissions in 
the atmosphere are also not negligible. They are influencing the pathways “direct atmospheric 
deposition onto water surface”, “surface runoff” and “urban systems”. For these pathways, the largest 
reduction potential has been identified. The emissions via WWTP are also classified as relevant. 
However, the reduction potential for zinc and PAH16 is low, as the WWTPs elimination rate for these 
substances is 90 % already. 
According to the distribution patterns of substance emissions from urban areas, two main areas could 
be determined for the implementation of measures:  
• Preventive measures  
 due to stricter requirements for domestic furnaces under the First Federal Immission 
Protection Act (BImschV) (BMJV 2010): “20 % reduction of atmospheric emissions” for 
PAH16 
 changes in application such as “reduction of consumption of pharmaceuticals by 20 %” for 
diclofenac and “reduction of the usage by 20 %” of terbutryn-containing products 
• End-of-pipe measures 
 improving the treatment effectiveness of the combined and separate sewer systems (zinc 
and PAH16) 
o “improvement of the performance of existing sedimentation tanks” 
o “implementation of storm water filtration” 
 “introduction of an additional treatment step in MWWTP” (terbutryn and diclofenac) 
• Combinations of preventive measures and end-of-pipe 
3.3.1 Preventive Measures 
For the preventive measures a constant reduction rate of 20 % was set against the background. PAH16 
deposition rates vary around 20 % (EMEP/MSC-East 2012, 2013) between the years 2009-2011. The 
consumption volume of pharmaceuticals increases by more than 30-40% for Germany (IMS Health 
2013). Thus, a reduction by 20 % for the PAH and diclofenac seems to be achievable. A change in the 
terbutryn application in the range of 20 % is also a realistic estimate because many measures such as 
product changes (for example encapsulation of biocides) and substitution in products have been under 
discussion in the last years (Burkhardt & Vonbank 2011; Jämsä et al. 2013). 
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3.3.2 End-of-pipe measures 
The share of citizens in Germany connected to combined sewer systems is 55 % (Brombach 2013). 
Nevertheless, the share of combined sewers in the regions with the highest population density stands 
at more than 70 %. Therefore, measures for improving the treatment effectiveness in combined sewer 
systems have been considered in order to show the effects of measures with high implementation 
potential. However the information about the distribution and performance of the existing storm water 
treatment facilities is very limited and some assumptions were necessary to implement the measures 
in the model. The first is, that measures of storm water treatment have a retention potential for 
particulate-bound substances only. Even for filter systems which are able to remove also dissolved 
substance the elimination rate for suspended solids were considered in the model.  
The standard procedure of storm water treatment in combined sewer systems is sedimentation. It can 
be improved by increasing the tank volume or by introducing lamella settlers. Both measures will result 
in a reduction of the surface loading rate of the tank and therefore in an increase of sedimentation 
efficiency. According to recent data around 50 % (LANUV 2014) of the storm water treatment tanks in 
Germany are ready for an optimization. Considering an improved sedimentation rate of 60% (Fuchs et 
al. 2013) an average efficiency for suspended solids of around 20 % for all standard sedimentation 
tanks and the amount of storm water discharged (MKULNV 2013), a reduction potential up to 50 % 
can be achieved. 
The effectiveness of filter system is much higher and reaches up to 95 % for suspended solids (Fuchs 
et al. 2010). However the implementation of these systems is limited due to their high space 
requirement. Therefore, it is assumed that only 50 % of the discharged water can be treated in a filter 
system. 
Measures at the MWWTP pose a significant reduction potential for terbutryn and diclofenac. As 
mentioned above WWTPs show relatively low elimination rate for both substances. In the model an 
additional treatment step was in two scenarios implemented for all treatment plants > 100,000 pe and 
> 50,000 pe respectively. In the first scenario 230 plants would be affected responsible for 45 % of the 
annual waste water volume treated. In the second scenario 525 treatment plants handling around 
60 % of the annual wastewater amount would get an additional treatment step. 
Mean elimination rates were derived for activated carbon and ozonation. For the measures shown , 
ozonation was chosen as a more effective method with elimination rate of 80 % for terbutryn 
(Hollender et al. 2009; Margot et al. 2013) and 95 % for diclofenac (Hollender et al. 2009; Hillenbrand 
et al. 2014). 
No information on the efficiency of
 
the additional purification stage was available for zinc and PAH16. 
However it can be assume that the measure shows some positive effects for these substances too, as 
both processes require a final filtration step. 
3.3.3 Reduction potential for combinations of measures 
An overview of the results for all measures implemented is given in Table 1. According to the total zinc 
emissions, the measures in the combined sewer systems show only a low reduction potential of 2 % 
for the improved sedimentation and 5 % for the storm water filtration. However, it has to be recognized 
that the total emissions via CSO were reduced by 20 to 38 %.    
The result of the combination of measures for PAH16 shows that up to 20% of the total emissions into 
surface water can be reduced if a reduction of atmospheric deposition and storm water filtration is 
realized. The total decrease of emissions is the result of very different pathway-specific reductions. 
The emissions via “direct atmospheric deposition onto water surface” and “surface runoff” are reduced 
by 20 % each while the reduction potential via CSO is at 50 %.  
The combination of the measures “20 % reduction of terbutryn-containing products” and “introduction 
of an additional treatment step at all WWTP > 100,000 pe” results in 40 % lower total terbutryn 
emissions. The reduction of the emissions via sewer systems amounts to 20 %, whereas the reduction 
via MWWTP stands at 49 %. Compared to the current situation, 46 % of the total emissions of 
terbutryn are reduced with the help of the measure combination “20 % reduction of terbutryn-
containing products” and “introduction of an additional treatment step at all WWTP > 50,000 pe”. The 
reduction of the emissions compared to the current situation via sewer systems stands at 20 %, 
whereas the reduction via MWWTP is at 58 %. 
The measure combination for diclofenac “reduction of consumption of pharmaceuticals by 20 %” and 
“introduction of an additional treatment step at all WWTP > 100,000 pe” achieves 53 % reduction of 
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the total emissions, of which 55 % via MWWTP and 20 % via sewer systems. The result of the 
combination of the measures “reduction of consumption of pharmaceuticals by 20 %” and “introduction 
of an additional treatment step at all WWTP > 50,000 pe” shows that up to 63 % of the total emissions 
to water can be reduced compared to the current situation. The reduction of the emissions stands at 
65 % via MWWTP and at 20 % via sewer systems. 
Overall, the listed measures can lead to a high emission reduction potential for terbutryn and 
diclofenac. The reduction potential for zinc and PAH16 is comparatively low. 
Table 1: Reduction potential for combinations of measures (n.a. not apply) 
reduction potential compared to the current situation for the total substance emissions 
combinations of measures: zinc PAH16 terbutryn diclofenac 
improved storm water sedimentation  2%  n.a. n.a. n.a. 
storm water filtration  5% n.a. n.a. n.a. 
reduction of atmospheric emissions plus 
improve storm water sedimentation 
n.a. 18% n.a. n.a. 
reduction of atmospheric emissions plus 
storm water filtration  
n.a. 20% n.a. n.a. 
changes in application plus additional 
purification step in WWTP > 100,000 pe  
n.a. n.a. 40% 53% 
changes in application plus additional 
purification step in WWTP > 50,000 pe  
n.a. n.a. 46% 63% 
In a final step concentrations for terbutryn and diclofenac at relevant outlet points were calculated 
before and after the implementation of measures in order to check whether they are in compliance 
with water quality targets. Based on these concentrations and water quality targets - the EQS of 
65 ng/L for terbutryn (EC, 2013) and the PNEC value of 100 µg/L for diclofenac (Bergmann und Götz 
2013), RR were calculated.  
The results for terbutryn and diclofenac are shown in Figure 5.  
The RR for terbutryn indicates that the EQS is met at the outlet of the most analytical units. However, 
at some outlets a clear exceedance of the water quality target becomes obvious even after the 
implementation of the preventive and end–of-pipe measures. At these sites the modelled 
concentrations remain up to three times higher than the environmental quality standards. This affects 
catchments with weak receiving water and an agglomeration such as Berlin. 
The current emissions for diclofenac show that at many catchment outlets analysed, concentrations 
are up to 25 times higher than the environmental quality criterion. Figure 5 illustrates that the 
exceeding of the target value takes place primarily in regions with high population density in south-
western Germany and in agglomerations like Berlin, Munich, and Hamburg. Even after applying the 
combination of preventive and end-of-the pipe measures, the modelled concentrations are up to 17 
times higher than the PNEC value. The reason for this result is that the effluent concentration of 
MWWTP is considerably higher than the PNEC value even after the implementation of an additional 
treatment step. This result clearly underlines the need of preventive measures. 
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Figure 5: Results of the measures modelled for terbutryn (left) and diclofenac (right) water 
quality 
4 CONCLUSION  
Water quality under consideration of the concentrations of selected micro pollutants (PS, PHS) will get 
increasingly important for all water managers. Continued updates and supplements to the list of 
priority substances are necessary in order achieve and maintain of a good chemical and ecological 
status of surface waters under the Water Framework Directive. The management of current and future 
substances showing complex emission pattern and environmental behaviour requires a long-term and 
harmonized strategy. This strategy must include a standardized environmental monitoring considering 
all relevant pathways of pollutant transport and the modelling of mass fluxes at the scale of river 
basins. In this context, the model MoRE prove to be an reliable tool. Depending on the availability of 
substance specific input data the current emissions can be calculate with reasonable accuracy. The 
architecture of the model allows further more to implement very different measures and combine them 
to scenarios considering all relevant interactions between the different pathways. 
The presented results illustrated how different the substance-specific effects of the various measures 
can be at a large scale. For some of the modelled substances a significant reduction potential can only 
be achieved by combining preventive and end-of-pipe measures. For others, the modelled measures 
do not represent an efficient intervention option. Only the modelling substance-specific measures 
make it possible to evaluate the effects of the various options at the scale of river basins.  
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